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ABSTRACT 

The hypothesis that neurotrophic factors play important roles in the adult centra] nervous sys- 
tem (CNS) has been successfully investigated in the past decade with regard to experimental 
and pathologic situations. Trophic roles in adult CNS axonal regeneration, on the other hand, 
have received much less attention. We review three groups of recent studies that demonstrate 
the relevance of nerve growth factor (NGF) for the regeneration of selected axons into adult 
central nervous tissue. The first group concerns a septohippocampal model where transected 
septal cholinergic axons are allowed to regrow into the hippocampal formation through a pe- 
ripheral nerve bridge implanted into the transection lesion gap. NGF is required in the bridge, 
enhances penetration of the hippocampal tissue when infused there, and both attracts and pro- 
motes sprouting within the septum when infused in the lateral ventricle or the septal tissue it- 
self. The second group of studies concerns the development of a spinal cord sensory regenera- 
tion model, where dorsal root ganglionic axons regrow into a nerve bridge placed within the 
dorsal spinal cord. Preliminary data indicate that NGF infusion rostral to the bridge once 
again promotes substantial penetration of the adult cord tissue by the regenerating NGF-sen- 
sitive fibers- In the third group of studies, attention has been shifted to the location of endoge- 
nous NGF in the adult rat hippocampal formation and the normal or lesion-induced occur- 
rence of extrasomal NGF immunoreactivity . These regions of anchored NGF have the ability 
to attract NGF-sensitive growing axons and may provide opportunities to investigate local 
cues for final definition of terminal fields. 

INTRODUCTION 

Neurotrophic factors (NTFs), already well recognized for their important functions on developing neu- 
rons of the peripheral nervous system (PNS), were proposed in the mid-1980s to play additional and 
equally important roles in the central nervous system (CNS) of adult mammals (e.g., Appel, 198 1 ; Varon et al., 
1982, 1984; Hefii et al., 1989). Since then, the ability of trophic factors to prevent or reduce degenerative re- 
sponses of adult mammalian CNS neurons to a variety of injuries has been firmly established in experimental 
annuals (Hefti, 1986; Williams et al., 1986; Kromer, 1987; Sievers, et al., 1987; Anderson et al., 1988; 
Carmignoto ei al., 1989; Otto and Unsicker, 1990; Hyman et al., 1 991 ; Pezzoli et al, 1991 ; Chadi et al., 1993; 
Hagg and Varon, i 993b; Ventrella, 1 993). In fact, NTFs are already being evaluated in clinical trials as poten- 
tial therapeutic agents for major human neurodegenerative conditions, such as Alzheimer's, Parkinson's, and 
motor neuron diseases (Olson et al, 1 992; Seiger et al., 1993). Much less attention, on the other hand, has been 
given to the involvement of neurotrophic factors in CNS regenerative processes (for a recent review, see Varon 
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and Hagg, 1993). In the present communication, we review three recent investigations of nerve growth factor 
(NGF) that document its competence as a regulator of adult rat intracentral axonal regeneration, namely ( 1) the 
regeneration of septal cholinergic axons into the hippocampal formation, (2) the regeneration of central sen- 
sory axons from the dorsal root ganglionic neurons into the spinal cord, and (3) the occurrence of endogenous 
NGF in exttasomat locations with the potential to serve as guidance signals for intrahippocampal reirmcrva- 



tion. 



NGF AND THE SEPTOHIPPOCAMPAL CHOLINERGIC REGENERATION MODEL 

Medial septum (and diagonal band) cholinergic neurons project to the hippocampal formation (HF) mainly 
via the fimbria- fornix tract. A complete aspirative transection of the fimbria-fornix deprives the HF of its 
cholinergic afferents, in addition to depriving the septal cholinergic neurons of their HF trophic contributions 
and causing demonstrable damage to many medial septum cholinergic (MSC) neurons (Hagg et al, 1988). 
Even under intraventricular administration of exogenous NGF, MSC axons could not regrow across the lesion- 
induced cavity unless an appropriate bridge was implanted into it. Several different bridge materials have been 
found competent to solicit or permit outgrowth of cholinergic fibers from the septum (Kromer et aL, 1981; 
Wendt, 1 985; Tuszynski et aL, 1 990). We have chosen to use a segment of peripheral sciatic nerve and to quan- 
tify the progression of regenerating cholinergic septal fibers through and beyond the nerve bridge by counting 
the number of fibers crossing imaginary lines at the hippocampal end of the bridge, the entrance of the HF, and 
1 mm, 2 mm, or 3 mm into the HF itself (Fig. 1 A). Cholinergic fibers invaded the nerve bridge to reach a max- 
imal number by 1 month, but their entry into the HF was much slower and decreased with a sharp progression 
beyond the first 1-2 mm of hippocampal tissue (Fig. IB). The resistance of adult CNS tissue to penetration by 
adult CNS axons (at least in this model) appeared to occur with a spatial/temporal gradient away from the le- 
sion rather than as a spatially defined barrier (Hagg et aL 1990b). 

Our trophic hypothesis (Hagg et aL, 1993) proposed that the cholinergic axonal regeneration would require 
NGF not only at the nerve cell body level but also along the bridge and in the innervation target territory. The 
nerve bridge could be viewed as a mechanochemical scaffold (axially arrayed tunnels of laminin-coated basal 
lamina) plus an NTF-producing population of living cells (Schwann cells, fibroblasts). Elimination of the liv- 
ing cells (by repeated freeze- thawing and subsequent debris phagocytosis) yielded acellular nerve segments, 
which had lost their competence as cholinergic regeneration bridges but which regained it on preincubation 
with exogenous NGF (Hagg et aL, 1 990a). When exogenous NGF was infused into the medial septum, cholin- 
ergic axons invadine a fresh nerve bridge were greatly reduced, whereas massive cholinergic sprouting was in- 
duced toward or within the regions of NGF administration (Hagg and Varon, 1 993a). These observations con- 
firmed the neurite-prornoting competence of NGF in vivo and also demonstrated a tropic action of NGF (i.e., a 
directional guidance related to NGF sites and gradients). It was also confirmed that these neuritic effects of 
NGF were displaved only in the septum ipsilateral to the lesion (i.e., by axotomized MSC neurons). Finally, in- 
fusion of exogenous NGF directly into the hippocampal formation led to an earlier and more substantial pene- 
tration of regenerating cholinergic fibers into the adult hippocampal tissue, thereby compensating for, or over- 
coming, the natural adult CNS resistance (Hagg et al., 1990c). 

Two important features have emerged from these septohippocampal model studies. One is that neurotrophic 
factors can participate in CNS axonal regeneration, at least in the case of one factor (NGF) and one responsive 
neuronal population (MSC neurons). The second feature is that NGF also has tropic effects, and, thus, the lo- 
cation of exogenous or endogenous NGF may be critical for determining the direction of regenerating axons. 
No attempts were made to address the additional question of the final distribution of regenerating axons and the 
local cues that may control it. 

NGF AND THE SPINAL CORD SENSORY REGENERATION MODEL 

A major task for future investigations is to generalize the evidence for NTF participation in CNS regenera- 
tion by demonstrating (1) the regeneration competence of NGF toward neurons other than the MSC ones and 
(2) the regeneration competence of neurotrophic factors other than NGF. Either approach will require the es- 
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POSTLESION TIME (MONTHS) 

FIG. 1. The septohippocampal cholinergic regeneration model. A. Sagittal diagram indicates the oriented nerve bridge 
(G) grafted between septum (S) and hippocampal formation (H) and the imaginary lines at the bridge end (N), the HF en- 
trance (0), and at various depths within the HF (1 mm, 2 mm, 3 mm), the intersections of which by AChE-stained fibers 
permit quantitation of the regeneration. B. Time course of the axonal advances to the bridge end and into the hippocampal 
tissue. 



tablishmem and/or use of quantifiable adult CNS models and, specifically, the definition of ( 1 ) the lesion and 
bridge implantation modalities, (2) the selective identification of the axons understudy (by either natural or ex- 
perimental labels) and their quantification, (3) baseline and time-course studies of spontaneous regeneration 
events, and, eventually (4) modalities and effects of exogenous NTF administrations. We have addressed these 
several tasks with regard to potential effects of NGF toward the intraspinal regeneration of sensory dorsal root 
ganglionic (DRG) neurons (Oudega et al. t 1993; 1994a; 1994b; see also Fernandez et ah, 1990). 

The new model is illustrated in Figure 2. For a central sensory axotomy, a small segment of the dorsal fu- 
niculus ( 1 -2 mm long, 1 mm wide, 1 .5 mm deep) was excised from the midline in the T 1 0 region. The excised 
tissue was replaced with a longitudinally oriented graft of peroneal nerve tissue. Tn some experiments, the graft 
material was collected from the distal segment of a peroneal nerve ihat had been transected 1 week before, to 
provide a predegenerated graft. In other experiments, the peripheral projections of lumbar DRGs into both tib- 
ial and peroneal nerves were unilaterally transected 1 day or I week before the central lesion and grafting to 
provide a conditioning lesion to the lumbar DRG neurons. Three days before the end of each experiment, trans- 
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ganglionic labeling of the central sensory fibers was carried out by injecting choleratoxin B subunit (CTB) into 
the ipsilateral sciatic nerve (Fig. 2B). Longitudinal sections of the cord were immunostained for CTB, and the 
number of CTB-positive fibers was determined in successive caudorostral levels along every other section. 
These levels (A to G in Fig. 2C) correspond, respectively, to the dorsal funiculus caudal to the lesion (A), a cau- 
dal transition zone (B), the peroneal graft (C, D, E), a rostral transition zone (F), and the cord tissue rostral to 
the graft (G), Special precautions were required to minimize secondary lesion effects contributing to the cau- 
dal and rostral transition zones so as to achieve satisfactory and reproducible fusion of the host cord and the 
peroneal graft. 

in the basal conditions (fresh graft, no DRG conditioning, no exogenous NGF), several CTB-positive sen- 
sory fibers were observed coursing through the caudal transition zone toward the graft. Many of them entered 
the peroneal graft, but only a few emerged into the rostral transition zone, and practically none continued be- 
yond the latter into the spinal cord itself (Fig. 3A). The use of predegenerated nerve grafts did not significantly 
improve this performance (Fig. 3C). In contrast, a conditioning lesion 1 week before cord lesion and graft led 
to an impressive increase of CTB-positive fibers throughout the pathway sequence (Fig. 3B), and a further en- 
hancement was achieved when DRG conditioning and predegeneration of the graft were combined (Fig. 3D). 
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FIG. 2, The spinal cord sensory regeneration model. A. Schematic of the spinal cord with the three relevant dorsal root 
ganglia (L4. L5, L6), the approximate location of central lesion and nerve bridge (T10), and the more rostral location for in- 
tracord infusions (O, at arrow). PO, P7, optimal times for collection of the peroneal graft material or a conditioning lesion 
or both. B. Injection of choleratoxin B (CTB) tracer through the tibial nerve to the site of a crush lesion (CR) of the sciatic 
nerve fSN). Insert shows immunosiaining of the CTB tracer in ganglionic neurons. C. Longitudinal diagram illustrating 
sequential levels (A to G) along the spinal cord where regenerating CTB-positive fibers are to be counted. CTZ, RTZ, cau- 
dal and rostral transition zones on either side of the graft. 
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FIG. 3. ORG conditioning and graft predegene ration effects on sensory regeneration. CT3 immunostaining of longitu- 
dinal cord sections. A. In the basal conditions, sensory fibers barely enter the graft (broken outline). B, Much greater pen- 
etration is achieved with a 1 week preconditioning lesion. CD. Unconditioned (C) and conditioned (D) outgrowth into 
predegenerated nerve bridges. Bars = 200 urn. 



A 1 day conditioning had similar but clearly lesser effects (not shown). A quantitative view of sensory axonal 
regeneration under those several conditions, 1 month after cord lesion and implantation, is provided in Figure 
4A (fresh graft) and B (predegenerated graft). Note that 1 week conditioning coupled with a predegenerated 
graft (curve VI in Fig. 4B) allowed all the fibers present caudally to the caudal transition zone (level A) to reach 
the rostral end of the graft (level E), but still only a negligible number of them entered the cord tissue (levels F 
and G). A time-course study indicated that a maximal number of fibers at the graft rostral end was achieved by 
the end of the first week and retained throughout the first month postlesion (with partial retraction becoming 
apparent by the end of the second month). An important concept highlighted by these studies is that even ax- 
onal regeneration into and through a nerve graft may be potentiated or even require special manipulations (neu- 
ronal conditioning, graft predegeneration) for maximal performance. Although such requirements were com- 
pelling with regard to the adult PNS sensory DRG axons, they could still apply (perhaps less stringently) to 
adult CNS axons as well. 

We have just begun to examine the impact of exogenous NGF in this spinal cord sensory regeneration 
model, using the optimized protocol of a 1 week DRG conditioning and a 1 week predegenerated peroneal 
graft (Oudega et al., 1993, 1994b). At grafting time, the metal cannula end of a continuous infusion device 
(Vahlsing et al, 1989) was inserted into the dorsal funiculus, 3 mm rostral to the rostral end of the graft and 2 
mm below the dorsal cord surface. The rats were then infused (at 0.2 |iL/h) with either vehicle alone or vehicle 
containing purified mouse ji-NGF (1 yig or 10 6 trophic units per day) for 17 clays (with a CTB injection 3 days 
before the end). Vehicle-infused animals displayed minimal outgrowth of fibers beyond the graft, as previ- 
ously seen in noninfused animals (5% of the graft rostral end fibers — level E — had entered the cord tissue by 
0.5 mm and no farther). Preliminary analyses (schematically depicted in Fig. 5) have indicated that, in marked 
contrast to vehicle infusion, infusion of mouse p-NGF dramatically enhanced sensory fiber elongation into 
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1 MONTH 




1201 



1 MONTH 




FIG. 4. Quantitative analyses of sensory fiber advances. CTB-positive fibers were counted at the various sequential lev- 
els (see Fig. 2B), using either fresh bridges (A) or predegenerated bridges <B). I and IV, no preconditioning. II and V, ) day 
preconditioning, IU and VI, l week preconditioning. 



host cord tissue. Not all sensory fibers available at the rostral end of the graft were attracted into the cord by the 
NGF infusion, a possible reflection that only about half the dorsal root ganglionic neurons are believed to be 
sensitive to NGF in the adult rat (Verge et af , 1989). Interestingly, these initial observations suggest that the 
number of sensory fibers in the cord decreases as they grow away from the graft and closer to the NGF-infus- 
ing cannula, a possible indication of the limited time available for axonal regrowth in this set of experiments. 

The new spinal cord sensory regeneration model has provided initial evidence that the NGF competence to 
promote in vivo CNS axonal regeneration is not unique for cholinergic neurons of the medial septum but is 
likely to apply to intracentral elongation of any NGF-sensitive adult axons. Whether other NTFs have similar 
competences for their respective target neurons remains an open question. 



ENDOGENOUS NGF AND ITS DISTRIBUTION IN THE 
HIPPOCAMPAL FORMATION 

Axonal regeneration is, of course, only part of the process through which interrupted neural connections 
eventually may be functionally restored. Although progress is being made on intracentral axonal regenera- 
tion—as described in the preceding sections and in recent work pertaining to oligodendroglial-relaled in- 
hibitors (Schneil and Schwab, 1990; Cadelli and Schwab, 1991)— the final location and functional compe- 
tence of the new axonal terminals remain to be addressed, as do the molecular properties of CNS tissues that 
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(NGF-Sensitive DRG Neurons) 




Distance Rostral to Graft (mm) 



NGF Site 



FIG. 5. Infused NGF promotes intracordal sensory regeneration (preliminary data). NGF was infused for 1 7 days, 3 mm 
rostral to the nerve bridge. CTB-positive fibers were counted at various distances rostral to the bridge end (level E). 




FIG. 6. Cholinergic axonal patterns in the hippocampal formation. (AChE staining in the dorsal HF.) A. Normal adult 
rat. B. Six months after fimbria-fornix lesion and bridge implantation. (Original magnification = x30.) 
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must control them. One intriguing observation that may pertain to this question was provided by the septohip- 
pocampal cholinergic model, namely, a remarkable similarity between the cholinergic pattern in a normal 
adult HF and the pattern reestablished by regenerating cholinergic axons in the limited portion of HF that was 
reinnervated, that is, the most rostral 1 .5 mm of the dorsal HF (Fig. 6) (Hagg et al., !990a). Such a similarity 



A 




FIG. 7. Extrasomai NGF irnrnunoreactivity (1R) in the mossy fiber region. The immunoreactive pattern for NGF (A) is 
different from that for low affinity NGF receptor, a marker for cholinergic afferents (B), but similar to aTimrn staining pat- 
tern that selectively labels mossy fibers (C). (Original magnification = xl7.) 
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FIG, 8. Entorhinal cortex lesions induce a new region of NGF-IR in the dentate gyrus outer molecular layer. The new 
NGF band (A) is accompanied by a band of cholinergic terminal sprouting, revealed here by low affinity NGF receptor 
staining (B). Lesioned side indicated by arrows. (Original magnification = x40.) 



•suggests that adult HF retains (or reestablishes after cholinergic deafferentation) a set of topographically orga- 
nized cues that will direct, attract, or stop the regrowing cholinergic terminals. The recently acquired knowl- 
edge of the tropic properties of exogenous NGF in vivo (see preceding section) has prompted us to examine the 
distribution of endogenous NGF in the hippocampal formation by use of a potent anti-NGF polyclonal anti- 
body and an immunostaining procedure selected to maximize protection of the NGF antigen and minimize 
nonantigenic IgG binding by adult rat brain tissue (Conner et aL, 1992; Varon and Conner, 1993), 

NGF irnrnunoreactivity (NGF-IR) within cell bodies was found only in the basal forebrain cholinergic neu- 
rons that are expected users of NGF, and its rapid decline in those neurons alter in vivo intracerebral treatments 
with colchicine (Conner and Varon, 1992) demonstrated the dynamic nature of acquisition and turnover of en- 
dogenous NGF by adult CNS neurons. CNS neurons recognized by others to contain NGF mRNA, and thus to 
be putative NGF producers, did not exhibit NGF-IR except after colchicine treatment (Conner and Varon, 
1992), demonstrating that ( 1) they do not normally store the NGF they may be producing and (2) they distrib- 
ute their NGF via colchicine-sensitive transport mechanisms, the blockade of which causes backup of NGF in 
their somata. Most pertinent to the present topic, and quite unexpected, was the observation of extrasomal 
NGF-IR in the hilus of the dentate gyrus and the C A3 and CA2 (but not the C A 1 ) subfields of the hippocampus 
(Conner etaL, 1992). The extrasomal NGF-IR (Fig. 7 A) had sharply defined boundaries, suggestive of a firm 
association with local structures, differed from the HF pattern of cholinergic innervation (Fig. 7B) with regard 
to both subfields and laminar patterns, and was very similar to the pattern characteristic of mossy fibers (Fig. 
7C), the granule cell axons projecting from dentate gyrus to the hippocampus proper. Similar mossy fiberlike 
regions (MF patches) of NGF-IR have been found to occur in brains of human and nonhuman primates 
(Mufson et aL, 1993). Selective localization and extrasomal anchorage are two attributes that would be re- 
quired if endogenous NGF were to serve as a marker for axonal routes and axonal endtlelds. 

Further encouragement for such a speculation was obtained by exploiting the well-reported observation that 
removal of the entorhinal input to the HF creates a vacated synaptic field in the outer molecular layer (OML) of 
the ipsilateral dentaLc gyrus and that sprouting into the vacated zone will take place by adjacent afferents, in- 
cluding the cholinergic input through the fimbria-fornix (Lynch et aL, 1972). We found (Conner et aL, 1994) 
that an entorhinal lesion also results in the ipsilateral development of a new band of extrasomal NGF-IR, which 
at 8 dayspostlesion (Fig. 8 A) is coincidental with the new band of cholinergic terminals detectable by their low 
affinity NGF receptor irnrnunoreactivity (Fig. 8B) or by other specific cholinergic markers, such as AChE 
(data not shown). The development of the OML patch of NGF-IR precedes in time any detectable cholinergic 
sprouting and is demonstrably independent of the latter, since the patch occurs equally well in animals previ- 
ously subjected to a fimbria-fornix transection (Fig. 9A.C.E), which removes the vast majority of cholinergic 
afferents to the HF (Fig. 9BJDJF). Thus, location and time course both propose that the new NGF-IR patch may 
be a required mediator of the lesion-induced cholinergic sprouting in the OML. 
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Control ECX FFT --> ECX 




FIG. 9. The new NGF-IR band is independent of local cholinergic sprouting. The NGF-IR band appears in the outer mol- 
ecular layer after entorhinal cortex lesion (C) even when the latter is preceded by a fimbria-fornix lesion (E). In contrast, 
the additional fimbria-fornix lesion prevents the appearance of a corresponding band of cholinergic terminals (F), which 
would otherwise be solicited by an entorhinal lesion (D). (A), (B): NGF and LNGF-R immunoreactivity in rats receiving 
neither the entorhinal (ECX) nor the fimbria-fornix (FFT) lesion. (Original magnification = xl 60.) 



To go beyond provocative correlations, one would require an actual demonstration that natural and lesion- 
induced NGF-IR patches could direct the growth of NGF-sensitive axons into HF tissue. Implants of superior 
cervical ganglia (SCG) into the cavity generated by a fimbria-fornix transection provided a convenient source 
of NGF-sensitive axons (Conner and Varon, 1993) with which to probe both the MF patch and the OML patch 
of NGF-IR. The mossy Fiber pathway had already been reported to be selectively addressed by host sympa- 
thetic fibers but only following a fimbria-fornix transection (Loy and Moore, 1977; Crutcher ei ai., 1979). The 
new study, using DBH immunoreactivity to track sympathetic fibers, confirmed that implanted SCG would 
similarly innervate the mossy fiber pathway after (but not without) a fimbria-fornix transection (as shown by 
Bjorklund and Stenevi, 1977), establishing that the resulting cholinergic deafferentation of that HF region is 
crucial to the latter* s suitability for new fiber invasion. The study also verified that the mossy fiber region ad- 
dressed by the donor sympathetic axons did coincide with the previously recognized MF patch of extrasomal 
NGF-IR (Fig. iOA s C).'Syrnpathctic fibers from the implanted SCG also reached into the outer molecular lay- 
ers of ihe HF, but only when a prior entorhinal cortex lesion had both deafferented the region and created there 
the new OML patch of the NGF-IR (Fig. 1 0B,D). 
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DISCUSSION AND PROJECTIONS 

The difficulty of adult CNS axons to regenerate into adult CNS tissue is increasingly perceived to lie more 
in an adverse CNS environment than in an intrinsic incompetence of the CNS neurons. From the earlier postu- 
lations of such a concept (Tello. 191 1 ; Rarnon y Cajal, 1928), one has advanced to more recent demonstrations 
that adult rat CNS axons will regrow in a peripheral nerve environment, whereas PNS axons will fail to do so 
in an optic (CNS) nerve (Aguayo ei al., 1978). Furthermore, adult rat brain and cord neurons may grow axons 
for several centimeters into a sciatic nerve bridge yet fail to advance more than a few millimeters when faced 
again with CNS lissue (Aguayo, 1985; Aguayo et al, 1990). One speculation that links CNS tissue resistance 
to be penetrated and CNS axons reluctance to do so invokes the involvement of NTFs (Varon et al., 1984; 
Kromer and Combrooks, 1 987; Hagg et al, 1 993). Specifically, CNS axonal regrowth may require stimulation 
by appropriate NTFs that are not adequately available in the adult CNS tissue. 

The recent work reviewed here has established that at least one neurotrophic factor, NGF, can stimulate the 
invasion of adult CNS tissue by adult CNS axons (cholinergic medial septum neurons) and adult PNS axons 
(sensory DRG neurons). It was also recognized that the neuritic responses to NGF depend on certain activation 
treatments, since only damaged MSC neurons are involved and only conditioned DRG neurons were ade- 
quately engaged. A second important feature brought forth by these studies is that NGF plays a tropic role in 
axonal regeneration and not only a trophic one. This feature has both negative and positive connotations. On 
the negative side, it cautions against inappropriate sites for exogenous NGF delivery and direction-distorting 
imbalances of NGF concentrations. On the positive side, it creates the possibility of coaxing NFG-sensitive ax- 
ons to regrow into regions where they may eventually sort out to the appropriate functional positions. Finally, 
the recognition that endogenous NGF may occur in firm anchorage to discrete extrasornal locations raises the 
possibility that NGF (and possibly other NTFs) may also participate in the patterning of NGF-sensiti ve termi- 
nals. In this context, we are inclined to speculate that (1) in development, extrasornal NGF patches may form 
ahead of afferent ingrowth and disappear after the afferent pattern has become established, and (2) in the adult, 
extrasornal NGF would only be detectable in regions where local remodeling is likely to persist (e.g., the MP 
patch) or is newly solicited (e.g., the OML patch following entorhinal cortex lesions). 

Thus far, the study of NTF involvement in adult CNS axonal regeneration has focused largely on NGF. An 
important question for future investigations is whether NGF is unique in those terms or whether other NTFs 
have similar axon-promoting competences, and, if so, which of the known NTFs do. NT3, like NGF a member 



NGF DBH 




FIG. 10. Probing of N GF-IR regions wuh sympathetic axons from implanted superior cervical ganglia. A fimbria- fornix 
transection permits retention of NGF-IR in the mossy fiber region (A), which hecomes a targei for sympathetic (coarse 
DBH-irniiiunostained) growing axons (C). Addition of an entorhinal cortex lesion elicits a second region of NGF-IR (B), 
which also solicits invasion by sympathetic fibers (D), (arrows). (Original magnification = x30.) 
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of the neurotrophin family, has shown regeneration-promoting activity in vivo for adult rat corticospinal mo- 
tor neurons (Schnell and Schwab, 1993) when administered in conjunction with antibodies to myelin-associ- 
ated inhibitors of axonal regeneration (Schnell and Schwab, 1990; Cadelli and Schwab, 1991). Another factor, 
IL- 1 , a cytokine known to stimulate output of NTFs by glial cells (Lindholm et al, 1987; Carman-Krzan et al, 
1 99 1 ) also has been discussed in the context of axonal regeneration (Fagan and Gage, 3 990). The field is barely 
tapped, and much progress is to be expected over the next few years. 
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